Toxoplasma gondii is an obligate intracellular apicomplexan parasite with high seroprevalence in humans. Repeated lytic cycles of invasion, replication, and egress drive both the propagation and the virulence of this parasite. Key steps in this cycle, including invasion and egress, depend on tightly regulated calcium fluxes and, although many of the calcium-dependent effectors have been identified, the factors that detect and regulate the calcium fluxes are mostly unknown. To address this knowledge gap, we used a forward genetic approach to isolate mutants resistant to extracellular exposure to the calcium ionophore A23187. Through whole genome sequencing and complementation, we have determined that a nonsense mutation in a previously uncharacterised protein is responsible for the ionophore resistance of one of the mutants. The complete loss of this protein recapitulates the resistance phenotype and importantly shows defects in calcium regulation and in the timing of egress. The affected protein, GRA41, localises to the dense granules and is secreted into the parasitophorous vacuole where it associates with the tubulovesicular network. Our findings support a connection between the tubulovesicular network and ion homeostasis within the parasite, and thus a novel role for the vacuole of this important pathogen. KEYWORDS calcium, dense granule, egress, GRA41, Toxoplasma gondii, tubulovesicular network
| INTRODUCTION
Toxoplasma gondii is an obligate intracellular parasite of the apicomplexan phylum that causes widespread infection among many vertebrates, including humans (San Miguel et al., 2016) . It is estimated that approximately a third of the world's human population is infected with this opportunistic pathogen (Pappas, Roussos, & Falagas, 2009 ).
Humans become infected congenitally or by ingestion of either environmental oocysts, which are shed in the feces of cats, or tissue cysts, found in the undercooked meat of infected animals. Though immunocompetent individuals will not generally experience symptoms during infection, Toxoplasma can be particularly devastating in immunocompromised individuals and those infected congenitally (Mazzillo, Shapiro, & Silver, 2013; Oray, Ozdal, Cebeci, Kir, & Tugal-Tutkun, 2015) . During the acute stage of the infection, Toxoplasma propagates through repeated lytic cycles of host cell invasion, growth, and egress as a rapidly dividing form known as the tachyzoite . The tissue damage elicited by parasite propagation is normally limited by the immune response, which induces conversion to the cyst-forming bradyzoite form and the establishment of a chronic infection. In immunocompromised individuals and lymphoma patients, new infections or rupture of pre-existing cysts can lead to life-threatening toxoplasmic encephalitis (Israelski & Remington, 1993; Luft & Remington, 1992; Slavin, Meyers, Remington, & Hackman, 1994) . Additionally, in congenital infections, toxoplasmosis can lead to blindness, severe neurological problems, or even death, given the immature nature of the fetal immune system (Wilson, Remington, Stagno, & Reynolds, 1980) . The lytic cycle of Toxoplasma, which is at the center of its propagation and pathogenesis, begins with the active invasion of parasites into host cells, a process that is dependent on the secretion of proteins from specialised secretory organelles known as the micronemes and rhoptries (Carruthers & Sibley, 1997) . Additionally, invasion initiates the formation of a parasitophorous vacuole (PV) through the invagination of the host cell membrane (Suss-Toby, Zimmerberg, & Ward, 1996) . Following parasite growth within the PV, the cycle is reinitiated after the parasites actively egress the host cell and invade neighboring host cells. Many of the events in Toxoplasma's lytic cycle such as egress, motility, invasion, and micronemal protein secretion are accompanied by and dependent on calcium fluxes within both the parasite and the host cell . Calcium levels increase in the host cell, the PV and the parasite cytoplasm just prior to the initiation of parasite egress from its host cell (Borges-Pereira et al., 2015) . Oscillations in parasite calcium, which are enhanced in the presence of extracellular calcium, have been observed during periods of parasite motility using both chemical and genetically encoded calcium indicators, (Borges-Pereira et al., 2015; Lovett & Sibley, 2003) . Secretion of the proteins from the micronemes, which are required for parasite attachment to a host cell, can be stimulated by artificially inducing calcium fluxes .
The parasite can access the calcium required for these signaling events from both intraparasite calcium stores and the extracellular milieu once it has egressed from its host cell (Moreno, Ayong, & Pace, 2011) . Toxoplasma has been shown by transmission electron microscopy of precipitated calcium to store intracellular calcium within the perinuclear endoplasmic reticulum as well large cytoplasmic vacuoles, which likely are what has been referred to as plant-like vacuoles (Miranda et al., 2010) , and within the flattened sacs of the inner membrane complex (IMC), which lie just beneath the parasite plasma membrane (Bonhomme et al., 1993) . Release of calcium from intra-parasitic compartments such as the endoplasmic reticulum (ER) can induce invasion related events such as protein secretion and cytoskeletal rearrangement of the apical end of the parasite (Moreno & Zhong, 1996 . Invasion can also be enhanced by extracellular calcium, which is likely taken up by a nifedipine-sensitive calcium channel in the parasite plasma membrane, though the channel responsible for this uptake has not been identified (Pace, McKnight, Liu, Jimenez, & Moreno, 2014) . Once inside a cell, the parasite divides within the PV, where it is presumed to have access to the host cell calcium through the presence of a nonselective pore in the parasitophorous vacuole membrane (PVM), though the exact molecular mechanism for calcium import from the PV lumen across the parasite plasma membrane has yet to be elucidated (Gold et al., 2015) . Interestingly, electron microscopy analysis of intracellular tachyzoites suggests that calcium is concentrated within the tubulovesicular network (TVN), a network of membranous tubules found throughout the PV (Bonhomme et al., 1993) . Whether this accumulation of TVN is an active process or if it plays a role in the parasite's biology is not known. Kasper, 1997) . Brief (<2 min) treatment of intracellular parasites with the calcium ionophore A23187 results in rapid exit from the host cell, a process known as ionophore-induced egress (iiEgress), and the same length of treatment of extracellular parasites induces micronemal secretion and parasite motility . When this treatment is prolonged, the parasites lose their ability to attach and invade host cells, resulting in parasite death (ionophore-induced death, iiDeath; Mondragon & Frixione, 1996) . In an effort to identify the proteins that allow Toxoplasma to respond to calcium, we have exploited these calcium ionophore-induced phenomena to isolate mutants with altered sensitivity to A23187. From a series of selections and screens, we have isolated six independent mutants that fall into three phenotypic categories: delay in iiEgress and resistance to iiDeath, delay in iiEgress but normal sensitivity to iiDeath, and resistance to iiDeath but normal iiEgress Lavine, Knoll, Rooney, & Arrizabalaga, 2007) . We have previously reported that all mutants that are both delayed in iiEgress and resistant to extracellular ionophore death have causative mutations in a calcium-dependent protein kinase, TgCDPK3, which regulates egress by phosphorylating the major motor driving Toxoplasma motility (Gaji et al., 2015; Garrison et al., 2012) .
To understand how Toxoplasma responds to calcium fluxes, we have now focused our attention to mutant strain MBD2.1, which is able to survive prolonged exposure to the ionophore while extracellular, but has no delay in iiEgress. Besides ionophore resistance, this mutant strain also exhibited hypersensitivity to treatment of extracellular parasites with the intracellular calcium chelator BAPTA-AM, suggesting that it has altered calcium homeostasis or sensitivity .
Here, we describe how these phenotypes are due to a nonsense mutation in a previously uncharacterised protein, GRA41, which localises to the parasites' secretory organelles known as dense granules and is secreted into the PV, where it associates with the TVN. Importantly, we also show that GRA41 is critical for calcium homeostasis and the timing of natural noninduced egress. In conjunction, our findings suggest a connection between the TVN and ion homeostasis within parasite, and thus a novel role for the vacuole of this important pathogen.
2 | RESULTS 2.1 | Nonsense mutation in novel gene is responsible for iiDeath − phenotype of MBD2.1
To identify the causative mutation in mutant strain MBD2.1, whole-genome sequencing was undertaken of both the mutant and its parental strain, RhΔhxgprt. Single nucleotide variants (SNVs) between the two were mapped against the Toxoplasma genomic database (ToxoDB). In total, 18 SNVs occurred between mutant and parental; five were in intergenic regions, 11 within introns, and two in exons. Of the two mutations within exons, which were both confirmed by polymerase chain reaction (PCR) and sequencing, one results in a missense mutation in the hypothetical protein TGGT1_306020 and the other in a nonsense mutation in the hypothetical protein TGGT1_069070 (ToxoDB v7.2). Although both transcriptomic and proteomic evidence could be found for TGGT1_069070 in version 7.2 of the ToxoDB, this predicted gene has not been annotated as a gene in subsequent genome versions.
Analysis of a cDNA library using 5′ and 3′ RACE confirmed the gene model of TGGT1_069070 shown in ToxoDBv7.2 ( Figure S1 ).
TGGT1_069070 encodes a putative 179 amino acid (aa) protein with an N-terminal signal sequence, but no known functional domains were identified in the rest of the sequence. FR823391:5,147,783..5,148,286, 47% identity) .
The nonsense mutation in TGGT1_069070 detected in the mutant strain is a single C to G transversion, which results in the conversion of the serine at position 91 to a premature stop codon ( Figure 1a ). To investigate whether the mutation in this gene was responsible for the observed phenotype of MBD2.1, we transfected a cosmid containing a parental copy of the gene into the mutant and generated stable clones by limiting dilution. Two independent clones (MBD2.1
Comp Clone 1 and MBD2.1 Comp Clone 7) were established, and the incorporation of the parental allele was confirmed by sequencing of a PCR fragment spanning the TGGT1_069070 coding sequence.
The sequence chromatogram from Clone 1 shows a mixed peak at the position of interest (Figure 1b ) indicating that this clone carries both a mutant and a parental copy of the gene as expected for random integration of the cosmid. On the other hand, Clone 7 contains only the wild-type copy of the gene (Figure 1b) , suggesting that the cosmid recombined by homologous recombination with the endogenous locus resulting in an allelic replacement event. We confirmed that Clone 7 still carries the missense mutation in TGGT1_306020 corroborating that it is indeed a derivative of the mutant strain MBD2.1 (data not shown). Importantly, regardless of whether by random integration or by allelic replacement, introduction of wildtype TGGT1_069070 restored ionophore sensitivity to MBD2.1 (Figure 1c) . Treatment of extracellular parasites with A23187 followed by plaque assay to determine number of viable parasites showed that, although mutant MBD2.1 has increased survivability (54% ± 9%, p < .05) as compared to a parental strain (18% ± 11%), both MBD2.1 Comp Clone 1 and MBD2.1 Comp Clone 7 were statistically as sensitive to iiDeath as the parental strain (28% ± 5% and 26% ± 8% respectively, Figure 1c ). Thus, presence of a wildtype copy of TGGT1_069070 restores ionophore sensitivity to mutant MBD2.1. On the basis of this result and those described below, we have focused our studies on the protein product of TGGT1_069070 and have not as of yet explored
The iiDeath − phenotype of MBD2.1 is due to the introduction of a premature stop codon in TGGT1_069070. (a) Diagrams of the protein encoded at the TGGT1_069070 locus in the parental strain (top) and the putative truncated protein encoded in MBD2.1 as a result of the nonsense mutation in TGGT1_069070 (bottom) are shown. Gray rectangle represents predicted signal peptide and asterisks indicate relative positions of known phosphorylation sites (ToxoDB proteomic databases). (b) Chromatograms from sequencing of PCR fragment spanning mutated region for the parental, MBD2.1 mutant, and two MBD2.1 clones complemented with cosmid TOXO119 (Comp clones 1 and 7) are shown. In clone 7, the mutation has been repaired to wild-type base indicating allelic replacement, and in clone 1, both a mutant and wild-type allele are present as observed by mixed peak for base of interest (arrow). (c) Extracellular parasites of the parental, mutant (MBD2.1), and two complemented strains were exposed to 1 μM A23187 for 1 hr and allowed to form plaques to determine survival rate that was calculated based on survival of untreated parasites. Bars are average of three independent experiments and error bars represent standard deviation. Asterisk denotes statistical significance based on the results of an unpaired Student's t test with a p value of <.05 the role of the mutation found in TGGT1_306020 as it is unlikely to influence iiDeath.
| TGGT1_069070 encodes a novel dense granule protein, GRA41
In order to confirm the expression of TGGT1_069070 at the protein level and to determine its localization, sequences encoding a carboxy-terminal (C-terminal) triple-hemagglutinin (HA) tag were introduced into the endogenous locus in the RhΔKu80Δhxgprt strain just before the stop codon, using a previously described approach (Huynh & Carruthers, 2009 ). The resulting strain grows normally in culture and does not exhibit resistance to iiDeath (data not shown),
indicating that the tag does not interfere with the protein's function.
Western blot analysis of protein extract from the endogenously tagged strain revealed a doublet migrating at approximately 30 kDa, which is higher than the predicted molecular weight of the tagged protein, 24 kDa ( Figure 2a ). The doublet pattern was consistently observed in extracts from both intracellular and extracellular parasites (Figure 2a ).
At present, we do not know the reason for the migration pattern although the protein is predicted to be phosphorylated, which could account for size differences as it does for other Toxoplasma proteins such as GRA7 (Dunn, Ravindran, Kim, & Boothroyd, 2008) .
To explore the localization of TGGT1_069070, we performed an immunofluorescence analysis (IFA) and found that the encoded protein appears to localise within the PV, where it colocalises with the PV localised protein, GRA7 (Fischer, Stachelhaus, Sahm, Meyer, & Reichmann, 1998; Jacobs, Dubremetz, Loyens, Bosman, & Saman, 1998 ; Figure 2b ). IFA of the engineered parasites with antibodies against the parasite surface antigen SAG1 (Kasper, Bradley, & Pfefferkorn, 1984) confirmed that the majority of the HA-tagged protein is present within PV and not within the parasites (Figure 2c ).
The majority of proteins in the PV are secreted by intracellular parasites from the dense granules, whose contents are more easily Figure S3 ). On the basis of these results, we concluded that the protein encoded at the TGGT1_069070 locus is a dense granulederived protein that is secreted from the parasite into the PV where it associates with the TVN. According to the currently published literature, the dense granule proteins have been named from GRA1 to 40, so here, we designate TGGT1_069070 as GRA41.
2.3 | Complete knockout of GRA41 recapitulates iiDeath − phenotype
To further study the role of GRA41 in the parasite's life cycle, we generated a knockout of the gene by replacing the entire coding sequence with the selectable marker hypoxanthine-guanine phosphoribosyltransferase (HXGPRT) through double homologous recombination into the RhΔKu80Δhxgprt strain, hereafter referred to as RhΔKu80 (Huynh & Carruthers, 2009; Figure 3a) . Parasites transfected with the knockout vector (pGRA41KO) and stably expressing HXGPRT were selected by resistance to mycophenolic acid and xanthine and cloned by limiting dilution. Through two separate attempts to generate knockout strains, we established two independent clones (RhΔKu80Δgra41-1, aka KO1 and RhΔKu80Δgra41-2, aka KO2) that were shown to have correct integration of the construct by PCR (Figure 3b ). To confirm that the genetic disruption of the locus resulted in a functional knockout of GRA41, we measured relative transcript abundance by quantitative PCR (qPCR), which fail to detect any GRA41 message in either of the knockout clones ( Figure 3c ). In addition, through qPCR, we determined that the genetic disruption did not affect transcript levels of the genes immediately upstream and downstream of GRA41 (Figure 3c ). Based on the nature of the genetic disruption expected from double recombination of the knockout construct (pGRA41KO, Figure 3a ) and the lack of detectable transcript ( Figure 3c ), the two established clones represent functional knockouts and are unlikely to produce any GRA41 protein. We then assessed whether or not the complete knockout of GRA41 recapitulated the iiDeath − phenotype seen in GRA41 truncation mutant MBD 2.1. Both RhΔKu80Δgra41-1 (45% ± 16% vs.
11% ± 12% for the parental strain, p < .05, Figure 3d ) and RhΔKu80Δgra41-2 (25% ± 5% vs. 7% ± 5% for the parental strain, p < .05, Figure 3d ) showed statistically significant increases in survival as compared to the parental strain after 60 min of treatment with A23187. Thus, the recapitulation of the phenotype seen in the mutant MBD2.1 by the complete lack of GRA41 suggests that the iiDeath phenotype of MBD2.1 is likely due to the absence of GRA41 product and not a dominant negative effect imparted by a possible truncated protein.
| Complete knockout of GRA41 results in decreased plaquing efficiency
While performing the iiDeath assays described above, we noted that, although we used the same number of untreated parasites for all strains, the knockout parasites consistently established fewer plaques as compared to the parental. To determine whether the knockout strains truly had reduced plaquing efficiency, which would suggest a defect in the lytic cycle of the parasite, we infected cells with an equal number of parasites of the parental and knockout strains and allowed them to infect for 2 hr before removing extracellular parasites.
Intracellular parasites were allowed to form plaques, which were quantitated on the sixth day postinfection. Both clones showed a FIGURE 2 TGGT1_069070 encodes a novel dense granule protein, GRA41. A strain in which a 3xHA tag is expressed at the C terminus of the endogenous TGGT1_069070 protein was generated and analyzed for protein expression and localization. (a) Expression of HA tagged TGGT1_069070 was confirmed by Western blot in both intracellular and extracellular parasites. TGGT1_069070 migrates as a protein doublet of approximately 30 kDa (predicted molecular weight~24 kDa). (b-c) Intracellular parasites were analyzed by immunofluorescence assay (IFA) using anti-HA antibodies to detect TGGT1_069070 (in red) and antibodies against either the dense granule/parasitophorous marker GRA7 (b, in green) or the surface antigen SAG1 (c, in green). (d) Extracellular parasites were analyzed by IFA using HA antibodies to detect TGGT1_069070 within the parasite and with antibodies against the dense granule marker GRA7 (in green). DAPI stain was used to detect the nucleus. (e) Immunoelectron microscopy was used to confirm the localization of TGGT1_069070, which we designated GRA41, to the dense granule and parasitophorous vacuole. Antibodies directed against HA conjugated to gold particles were used to detect protein. showed the gradual increase in plaquing efficiency from 11% to 56%
for clone RhΔKu80Δgra41-1 (Figure 4b ). Continued passage of adapted parasites in culture resulted in a strain that grows robustly, exhibiting more and larger-sized plaques as compared to the parental strain (data not shown). Thus, the loss of GRA41 resulted in reduced plaquing efficiency of tachyzoites, and the parasites adapted to this phenotype during continuous passage in culture.
2.5 | Complementation of GRA41 knockout with the parental gene rescues both iiDeath sensitivity and lytic cycle defects
Although the fact that two independent knockout strains exhibited the same plaquing phenotype support the idea that the lack of GRA41 affects parasite propagation, there is always the possibility that secondary mutations are responsible for the observed phenotype.
The introduction of a wild-type allele of GRA41, as we did for knockout GRA41 by double homologous recombination replacing the GRA41 locus with the HXGPRT selectable marker. Colored arrow heads indicate beginning and end of genomic regions used to drive homologous recombination of pGRA41KO vector with target locus in chromosome X (ChrX). Arrows indicate relative direction of transcription of the three genes depicted and black arrow heads represent primers p1, 2, and 3 used to corroborate integration. (b) PCR analysis of DNA from parental strain (Par) and two independent putative knockouts KO1 (top panels) and KO2 (bottom panels) using either a primer pair expected to produce an amplicon in both parental and knock strains (p1-p2, left panels) or a test primer pair that would produce a product only if the GRA41 gene were replaced (p2-p3, right panels). (c) qPCR analysis was used to monitor transcript levels of GRA41 and the two flanking genes TGGT1_236870 and TGGT1_236860 in the parental (Par) and two knockout strains (KO1 and KO2). Data are expressed as ΔΔCt of each relative to that of parental and represents average of 3 independent experiments (d) Extracellular parasites of the parental and KO1 (left) and KO2 (right) mutant (MBD2.1 were exposed to 1 μM A23187 for 45 or 60 min, and survival rate was determined as in Figure 1 . Bars are average of three independent experiments and error bars represent standard deviation. Asterisk denotes statistical significance based on the results of an unpaired Student's t test with a p value of <.05
MBD2.1, would address this issue; however, the rapidity with which this strain adapts to in vitro culture would complicate the interpretation of phenotypic complementation. A return to wild-type levels of plaquing by a complemented strain could be due to either the addition of the wild-type allele or simply to adaptation during the complementation process, which can take several weeks. Thus, we devised a complementation strategy that could control for adaptation and that was based on repairing the disrupted GRA41 locus by homologous recombination using the same cosmid utilised to complement mutant Complete knockout of GRA41 results in reduced plaquing efficiency, which is rescued by complementation. (a) Extracellular parasites of the parental and knockout strains were allowed to form plaques to assess plaquing efficiency, which was calculated by dividing the number of plaques formed for each knockout strain by that formed by the parental strain. (b) Extracellular parasites of RhΔku80Δgra41-1, which had been maintained in culture for different amounts of time, were allowed to form plaques as in (a) to determine if knockout parasites were able to adapt to loss of GRA41 in respect to plaquing efficiency. (c) Diagram (left) shows the strategy for complementation of gra41 knockout by double homologous recombination of cosmid TOXO119 into the target locus. Parasites transformed with cosmid were exposed to 6-thioxanthine to select for loss of the hypoxanthine-guanine phosphoribosyltransferase (HXGPRT) cassette. Flow chart (right) shows the isolation of resulting clones. Indicated below each clone is the relative transcript level of gra41 (as described in Figure 3 ) and the presence/ absence of the HXGPRT cassette, which was determine by sensitivity to MPA. (d) Extracellular parasites of the parental, knockout, and complemented clones were allowed to grow for 24 hr before fixing and counting the number of vacuoles per field of view (vacuole formation). Bars are average of three independent experiments, and errors bars represent standard deviation. Asterisk denotes statistical significance based on the results of an unpaired Student's t test with a p value of <.05
parasites to grow efficiently in in vitro culture was assessed by allowing parasites to infect a confluent monolayer of host cells for 2 hr, then allowing them to grow for an additional 22 hr before fixing them and counting the number of vacuoles per field of view. The number of vacuoles formed by the KO clones over that by the parental strain was used to convey the relative efficiency of vacuole formation.
Although both clones still lacking GRA41 (Δgra41a and Δgra41b)
showed a significantly decreased frequency of vacuole formation (49% ± 7% and 50% ± 33%, respectively), the two clones in which GRA41 expression was restored (Δgra41c and Δgra41d) had significantly enhanced ability to establish vacuoles (125% ± 20% and 121% ± 37%, respectively, Figure 5c ). Thus, GRA41 plays a role in the efficiency of the parasite's propagation cycle in addition to sensitivity to iiDeath treatment.
| Complete knockout of GRA41 affects timing of natural egress
To better define the phenotype of GRA41 loss of function, we probed the ability of RhΔku80Δgra41-1 to complete the various steps of the lytic cycle. We first performed a 30-min postinvasion assay as described previously (Carruthers, Giddings, & Sibley, 1999) to measure the parasite's ability to attach and invade host cells. A slight but statistically significant reduction in the percentage of invaded parasites was seen from 63% ± 5% in the parental strain to 45% ± 11% in RhΔku80Δgra41-1, though no difference was seen in attachment efficiency of the GRA41 knockout strain ( Figure S2 ). Thus, loss of GRA41 leads to a small reduction in invasion efficiency.
Because the level of reduction in invasion efficiency is not sufficient to explain the 50% to 80% reduction plaquing efficiency, In addition to quantifying the average number of parasites per vacuole, the average number of vacuoles per field of view was also assessed for each strain to see if vacuoles were being lost (due to egress without reinvasion or death) or gained (due to egress with reinvasion). The average number of vacuoles per field of view for both the parental and the complemented strains stayed relatively constant overtime, and the knockout parasites first appeared to lose vacuoles between 12 and 24 hpi (48 ± 13% of the vacuoles 12 hr, p < .05, Figure 5c ) and then gain vacuoles between 24 and 30 hpi (195 ± 48% of the vacuoles at 12 hr, p < .05, Figure 5c ). The reduction in number of vacuoles between 12 and 24 hpi is consistent with our previous data looking at parasites either shortly after invasion or at 24 hr after infection. When looking shortly after invasion, there was only a modest decrease in invasion efficiency for the knockout parasites ( Figure S3 ). However, there is a pronounced difference in the number of vacuoles present at 24 hpi between the strains, which would be explained by losing vacuoles between 12 and 24 hpi (Figure 4d ). In conjunction, these results are consistent with an early egress phenotype in the knockout parasites, with the parasites egressing between 12 and 24 hpi failing to reinvade and the parasites egressing between 24 and 30 hpi reinvading successfully. Thus, analysis of the lytic cycle indicates that the loss of GRA41 does not impact division rate of the parasites but does lead to early egress of parasites, which would account for a majority of the decrease in plaquing efficiency reported above.
Interestingly, the original MBD2.1 mutant as well as the GRA41 knockout strain (data not shown) appear to also undergo egress at a faster rate than their parental strain after induction with the ionophore A23187. Nonetheless, because of the high efficiency and fast rate of iiEgress, the effect is very slight and difficult to statistically validate. Accordingly, we tested the sensitivity of the GRA41 knockout to a different inducer of egress, the redox reagent dithiothreitol (DTT), which typically requires that parasites be infected for approximately 36 hr before induction and induces egress with slower kinetics than A23187 (Stommel et al., 2001) . For this purpose, we allowed parasites to infect host cells for 24 hr before inducing egress with 5 mM DTT. The GRA41 knockout strain does show evidence of significant enhanced egress as compared to the wild-type and complemented strains at both 10-and 20-min postinduction (62% ± 19% vs. 2% ± 2% and 15% ± 13% at 10 min, 85% ± 14% vs. 5% ± 9% and 14% ± 13%
at 20 min, Figure 5d , p<.05), indicating that the GRA41 knockout strain is sensitive to induction of egress by DTT earlier in the replication phase of the lytic cycle as compared to the parental and complemented strains.
2.7 | Complete knockout of GRA41 leads to dysregulation of parasite calcium
Because GRA41 was initially identified as a result of a forward genetic screen involving altered sensitivity to treatment with calcium ionophore and its complete knockout led to defects in events known to depend on calcium homeostasis and fluxes, we compared calcium levels in knockout and complemented strains with the parental (Figure 6 ). For this purpose, extracellular parasites of the parental, GRA41 knockout, and complemented strains were loaded with fluorescent calcium indicator Fura-2 AM and fluorescence measurements were made before and after adding calcium to the suspension buffer.
Compared to the parental strain, the knockout has elevated cytosolic calcium under calcium-free buffer conditions, which is not rescued by complementation with wild-type GRA41 (Figure 6 ). This suggests that the elevated cytosolic calcium might not be a direct consequence of the loss of GRA41. Instead, it could be either part of the way the parasites adapt to its loss or an unrelated event. However, when the ability of parasites to uptake extracellular calcium was measured by adding 1 mM CaCl 2 to the buffer, the knockout strain showed a 2.45-fold increase in uptake of extracellular calcium over both the parental and complemented strains (Figure 6 , p < .05). Thus, these results suggest that the loss of GRA41 leads to a dysregulation of parasite calcium, which likely has wide-reaching impacts on calcium-dependent events in the lytic cycle.
| Complete knockout of GRA41 disrupts vacuolar morphology
During the lytic cycle analysis described above, we noticed consistent differences in the organization of parasites within the vacuole and the gross morphology of the vacuole membrane between the knockout and parental strain, suggesting a role of GRA41 to maintain normal vacuolar morphology. To investigate the possibility that the loss of GRA41 disrupted vacuolar morphology, we visualised the parasites under high power magnification and noted that many of the vacuoles in the knockout strain appeared to be collapsed around the parasites within ( Figure 7a ). Quantitation of this FIGURE 6 GRA41 knockout parasites exhibit enhanced uptake of extracellular calcium extracellular parasites from the parental, knockout, and complemented strains were loaded with Fura-2 AM to monitor calcium levels. The arrows represent the time at which 1 mM Ca 2+ was spiked in to the medium.
Increase in calcium levels after addition of extracellular calcium over basal levels was quantitated for at least three independent replicates. Error bars represent standard deviation. Asterisk denotes statistical significance based on the results of an unpaired Student's t test with a p value of <.05, double asterisks denotes p value of <.01 "collapsed vacuole" phenotype showed that it was significantly more common in the GRA41 knockout strain as compared to the parental and complemented strains (43% ± 1% vs. 10% ± 6% and 10% ± 4%, respectively, p < .05 Figure 7b ). Furthermore, we noted that the vacuoles in the knockout strain were more likely to have nontypical numbers of parasites. Typically, all parasites within the vacuole divide simultaneously into two daughter parasites leading to a doubling of parasite number and a geometric sequence of parasite number within each vacuole (i.e., 2, 4, 8, and 16). Nonetheless, 35% ± 2% of the knockout vacuoles contained a number of parasites that did not follow the normal pattern. This was significantly higher than both the parental and complemented strains, with 12% ± 3%
and 7% ± 2%, respectively, (Figure 7c , p < .0001). To investigate how this might be occurring, we stained both parental and GRA41 knockout parasites for acetyl tubulin. The acetylation of tubulin occurs during parasite replication and can be used to visualise the daughter parasites as they are dividing (Varberg, Padgett, Arrizabalaga, & Sullivan, 2016) . Using this method, we were able to image GRA41 knockout parasites that showed evidence of more than two daughters forming per mother parasites, which would explain the abnormal number of parasites in some vacuoles ( Figure 7d ). The formation of triplet and even quadruplet parasites has been observed in wild-type parasites at low levels (Hu et al., 2002) , suggesting that the knockout of GRA41 has increased the frequency with which this happens.
| Complete knockout of GRA41 leads to altered structure of the TVN
The collapsed vacuole and abnormal cell division are both similar to the abnormal vacuole morphology and parasite organization associated with the genetic disruption of GRA2, another secreted protein that localises to the TVN and that is critical for its formation (Mercier et al., 2002) . Accordingly, we examined the structure of the TVN in the GRA41 knockout strain by transmission electron microscopy ( Figure 8 and Figure S4 ). Host cells were infected with freshly egressed tachyzoites for 24 hr prior to fixing and preparing samples for thin sectioning. The parental, knockout, and complemented strains all showed normal morphology of the PV membrane, but the knockout strain appeared to have fewer tubules within its network and an increase in the small vesicles from which the tubules form ( Figure 8 , black arrowhead). Additionally, the tubules that do form in the TVN of the knockout strain appeared to be shorter than those of the parental and complemented strains (Figure 8 and Figure S4 .)
Because the GRA41 knockout showed similar disruption of the TVN with the GRA2 knockout, we tested to see whether the GRA2 FIGURE 8 GRA41 knockout parasites show altered morphology and size of tubulovesicular network as compared to the parental and complemented strains. Intracellular parasites were fixed at 24 hr postinfection and prepared for imaging. Red arrowheads in left panels point at regions that were imaged at higher magnification in the respective right panels. Additional representative images can be seen in Figure S4 knockout would mirror the resistance to iiDeath treatment of the GRA41 knockout. In contrast to the GRA41 knockout, the GRA2 knockout did not show any increased survival over its parental and complemented strains at either 45 or 60 min of treatment (32% ± 10% vs. 26% ± 4% and 30% ± 13% at 45 min, respectively, and 17% ± 17% vs. 12% ± 7% and 18% ± 14% at 60 min, respectively, p > .05, Figure S5 ), suggesting that this phenomenon is restricted to the disruption of GRA41 and not a general feature of parasites with disrupted TVNs.
| DISCUSSION
Calcium-dependent signaling is central to the propagation of parasites of the phylum Apicomplexa, including the causative agent of malaria, Plasmodium falciparum, and the opportunistic pathogen T. gondii.
Calcium-dependent events underlie the motility, invasion, and egress of these parasites, and thus, calcium homeostasis and fluxes are tightly controlled. Although many of the effectors of calcium that drive events of the lytic cycle in both Plasmodium and Toxoplasma have been identified, much remains unknown about how these calcium fluxes are regulated. In an effort to address this knowledge gap, we used a forward genetics approach to identify genes that influence Toxoplasma's sensitivity to calcium fluxes, specifically those induced by the calcium ionophore A23187. Surprisingly, we have discovered that a secreted protein, which resides within the PV during parasite intracellular growth, influences several calcium related events in both intra and extracellular parasites. Our results suggest a role for PV proteins in the regulation of calcium homeostasis, timing of egress, and parasite division.
We first identified the novel protein GRA41 through the sequencing of a mutant resistant to extracellular exposure to the ionophore A23187. Normally, exposure to this calcium ionophore for over 30 min renders extracellular parasites non-invasive, which, for this obligate intracellular parasite, results in death. Although this phenomenon, known as iiDeath, has been known and exploited for decades Mondragon & Frixione, 1996) , the underlying mechanism is not well understood. It has been proposed that prolonged exposure to elevated calcium, which normally induces secretion of adhesive molecules required for invasion, exhausts the contents of the secretory organelles that harbor such proteins. Other plausible mechanisms include toxic effects from elevated cytoplasmic calcium levels and changes to the calcium sensitivity of the molecules and machinery that regulate secretion. We have actually detected that following a 1-hr ionophore exposure, the levels of micronemal proteins do not change compared to untreated parasites but the ability to elicit micronemal secretion upon subsequent ionophore exposure is significantly affected ( Figure S6 ). This observation would indicate that iiDeath is not merely the consequence of the exhaustion of proteins to be secreted, but of an alteration in the sensitivity to calcium, which would lead to a reduction in active secretion. In this context, we hypothesise that the resistance to iiDeath of the parasites lacking GRA41 is due to an altered sensitivity to the ionophore, brought upon by the clear changes in calcium regulation we detect in the GRA41 knockout strain. Indeed, the gra41 mutant strain (MBD2.1) is oversensitive to the effects of calcium chelation by BAPTA-AM Mondragon & Frixione, 1996) . We do not know whether the altered calcium regulation exhibited by the GRA41 knockout strain is due to a direct effect of lack of GRA41 or an indirect consequence of how the parasites adapts to the loss of GRA41. The latter explanation is supported by our observation that the mutant strain has an elevated level of cytosolic calcium that is not corrected by genetic complementation. Nonetheless, lack of GRA41 does seem affect calcium regulation as the mutant parasites exhibited dysregulated calcium uptake, a phenotype that is reverted by complementation.
Though it is difficult to determine the specific function of GRA41, the calcium uptake defect of extracellular parasites suggests that GRA41 is involved in regulating calcium homeostasis. Higher levels of cytosolic calcium and increased rates of calcium uptake by extracellular parasites shows how the parasites responds to the loss of GRA41.
How a protein that resides outside of the parasite but within the PV might affect calcium regulation within the cytoplasm of the parasite is puzzling, especially considering that some of the phenotypes related to its deletion, such as iiDeath resistance, manifest only once the parasites are extracellular. It is plausible that the protein, which is in the dense granules before secreted, has a role within the organelle that influences calcium homeostasis in extracellular parasites. Nonetheless, there is no evidence that dense granules accumulate significant amounts of calcium (Bonhomme et al., 1993) or are involved in the regulation of calcium homeostasis or fluxes. It is also conceivable that GRA41, while in the PV, directly or indirectly influences the physiology of the vacuole, which in turns affects that of the parasite. In such a model, the absence of GRA41 would alter the physiology of the intracellular parasite and, once outside, these parasites would react differently to external stimuli such as the calcium ionophore.
Though the PV lumen has long been considered physiologically at equilibrium with the host cell through a nonselective pore (Schwab, Beckers, & Joiner, 1994) , whose components were recently identified (Gold et al., 2015) , several studies indicate that ionic concentration of the PV can vary in respect to that of the host cytoplasm during intracellular growth. For instance, measurements of calcium levels using nonratiometric indicators in the PV have shown that calcium is concentrated in the PV relative to the host cell cytoplasm and the frequency of this calcium sequestration increases as egress approaches (Pingret et al., 1996) . Interestingly, one of the most abundant PV proteins, GRA1, has been shown to bind calcium (Cesbron-Delauw et al., 1989) , which suggests a potential mechanism for this calcium sequestration; however, GRA1 localises to the vacuolar space and is not associated with the TVN. Interestingly, the calcium concentration of the Plasmodium PV has been determined through the use of ratiometric indicators to be approximately 40 μM, many fold higher than the 20 nM that would be expected if the PV calcium levels were in equilibrium with the host red blood cell's cytosol (Gazarini, Thomas, Pozzan, & Garcia, 2003; Murphy et al., 1987) . Additionally, the same study showed that depletion of calcium in the Plasmodium PV leads to a depletion of intracellular calcium stores, which suggests that the parasite depends on the sequestration of calcium in the PV to maintain its intracellular pools of calcium (Gazarini et al., 2003) . Interestingly, calcium is not the only ion that the parasite regulates the concentration of within the PV; it has recently been shown that the pH of the vacuole decreases as egress approaches and this increased acidification is associated with enhanced parasite motility and protein secretion (Roiko, Svezhova, & Carruthers, 2014) . Although it is possible that one or more dense granule proteins that Toxoplasma secretes into its vacuole are responsible for the sequestration of ions as egress approaches, it is unlikely that this is occurring in Plasmodium species, because the dense granule proteins described to date are restricted to the tissue-cyst forming coccidia and are not found in other apicomplexans such as Plasmodium (Mercier & Cesbron-Delauw, 2015) . Therefore, it is possible that these two related organisms have evolved different strategies to utilise calcium signaling within the context of the calcium-poor cytosol of their host cells.
It is unlikely that GRA41 binds calcium directly, because bioinformatic analysis fails to identify any conserved calcium binding domains (SMART, NCBI, Prosite, and Interpro) and recombinant GRA41 protein fails to bind calcium in vitro ( Figure S7 ). Rather, we hypothesise that GRA41 might influence physiological calcium homeostasis by its localization and functional role within the TVN. Loss of GRA41 leads to altered morphology of the TVN, which interestingly has been proposed to play a role in calcium storage based on electron microscopy studies (Bonhomme et al., 1993) . Nonetheless, other dense granule proteins that traffic exclusively to the TVN of the PV are also critical for its formation (Mercier et al., 2002) presentation of antigens to the host immune system (Lopez et al., 2015) , decreased ingestion of host cytosolic proteins (Dou, McGovern, Di Cristina, & Carruthers, 2014) , and decreased virulence in mice (Mercier, Howe, Mordue, Lingnau, & Sibley, 1998) . However, we have
shown that the loss of GRA2 does not phenocopy the iiDeath resistance of the GRA41 knockout and forward genetic mutant, suggesting that the disruption of the TVN might not be the underlying reason for the iiDeath resistance of GRA41. Rather, it appears that the iiDeath resistance of the GRA41 knockout strain is a direct effect of GRA41 by a novel mechanism we have yet to completely discern.
Nonetheless, we need to consider the possibility that although the TVN is structurally affected in both the GRA41 and GRA2 knockout strains, the nature, level, and the functional consequences of that effect might be different between the two mutant strains.
At the current time, it is unclear which of the pleiotropic effects of GRA41 loss is the primary impact of its loss and which are simply downstream defects. However, one of the most severe and distinct phenotypes of the GRA41 knockout strain is a premature egress from the host cell. Natural egress from host cell can be an active process dependent on calcium fluxes (Moudy, Manning, & Beckers, 2001 ).
Two alternative hypotheses to explain the premature egress are (a) that the altered TVN, which might normally act as a mechanical barrier, allows for early exit and (b) that the dysregulation of calcium homeostasis results in changes in the timing of egress. The fact that other mutant parasites lacking a normal TVN, such as the GRA2 knockout, do not have a premature egress phenotype would argue against a model in which the altered TVN, caused by gra41 disruption, allows for early egress. Additionally, the only other dense granule protein whose loss leads to an early egress phenotype similar to the GRA41 knockout is GRA22. However, the GRA22 knockout does not exhibit any obvious defect in TVN formation (Okada et al., 2013) , suggesting that GRA41 plays a structural role within the TVN that is independent from its role in egress and, by inference, calcium-dependent signaling processes within the parasite. It remains unclear whether or not these two proteins are interacting together directly or within the same pathway to influence the timing of egress. Future studies to identify interactors of GRA41 and to create a strain lacking both GRA22 and GRA41 would address some of these questions. Considering that tight control of calcium levels is needed for egress, it is plausible that the early egress phenotype of the GRA41 knockout is related to the dysregulation of calcium we see in this strain. Interestingly, the MBD2.1 mutant, as well as the GRA41 knockout, show a slight but consistent increase in the rate of calcium-dependent iiEgress  and unpublished data, LaFavers and Arrizabalaga). Additional support for a connection between early egress and calcium dysregulation in the mutants is the fact that the GRA41 knockout is much more sensitive to DTT-induced egress than the parental strain. The redox reagent DTT is proposed to induce egress by activating NTPases located in the PV because it is capable of activating isolated enzyme (Bermudes, Peck, Afifi, Beckers, & Joiner, 1994) . Treatment with DTT has also been shown to lead to calcium fluxes within the parasite, resulting in induced egress, which can be blocked by chelating calcium, indicating that DTT-induced egress is also calcium dependent happening in natural uninduced egress (Stommel et al., 2001) . In this context, the ability of the GRA41 knockout strain to undergo DTT-induced egress at 24 hr is consistent with its early egress phenotype. The formation of more than two daughter parasites in the dividing GRA41 knockout strain could also occur as a result of calcium dysregulation rather than simply being an additional function of GRA41. Knockdown of the calcium-dependent kinase CDPK7 has previously been shown to disrupt normal division (Morlon-Guyot et al., 2014) . Additionally, experiments to identify novel proteins in the IMC of the parasite, which serves as the scaffold for daughter cell formation (Harding & Meissner, 2014) , identified a protein (ISC6, TgGT1_267620, ToxoDB.org) that localises to the IMC and contains a C2 calcium binding domain (Chen et al., 2017) , which could suggest a link between calcium and daughter parasite formation in T. gondii.
Of note is the fact that GRA41 is not annotated as a protein encoding gene in the latest version of the Toxoplasma genome database. This locus was denoted as a gene in earlier annotations with both transcriptomic and proteomic corroborating evidence. As we have shown, there is clearly a protein encoding locus in that genomic region, underscoring the limitation of genome annotations.
One of the drawbacks of GRA41 not being denoted as a protein in the current annotated genome is that it is not considered when analyzing datasets that rely on the annotation. In the many gene expression studies, mappings of posttranslational modifications, and sequencing of mutant strains that have been undertaken in the last few years, GRA41 has not been included, significantly reducing our ability to understand its function. Indeed, we were very fortunate that this gene was still listed in the annotated genome we used to map the missense mutations present in the mutant strain MBD21. Had we used a later version of annotated genome, we would have not identified GRA41 as central to the phenotypes of our mutant strain. Thus, constant monitoring, validation, and curation of genome annotations are needed to fulfill the promise of genome sequencing. For example, the presence of certain posttranslational modifications could provide clues to how GRA41 is associated with the TVN membrane. Though GRA41 lacks an amphipathic alpha helix (Helical Wheel Predictions, RZ Lab) like those found in other TVN-localised proteins such as GRA2 (Mercier, Cesbron-Delauw, & Sibley, 1998) , it does contain a predicted palmitoylation site at Cys26 (CSS-Palm, Cuckoo Workgroup) that could explain membrane association. Though the palmitoylome for T. gondii has been published (Foe et al., 2015) , GRA41 was not included in the database at the time and any potential palmitoylation modifications were not mapped. As a result, future directions for the study of GRA41 would include mapping posttranslational modifications and determining how they impact protein localization and function by mutational analysis.
The discovery of GRA41 as a novel dense granule protein with a role in calcium-dependent events helps to both answer and create new questions about the role of the PV in these signaling processes.
This work demonstrates that the parasite is dependent on a dense granule protein for normal calcium homeostasis, but it is still unclear how and if the parasite might regulate PV calcium levels independent of the host cell cytosol in the presence of a nonselective PVM pore (Schwab et al., 1994) . The explanation for this might be the existence of additional calcium binding proteins that, in addition to GRA1 
| Genome sequencing and complementation
Extracellular parasites from strains MBD2.1 and RHΔhxgprt (the parental strain) were purified through a 3 μm filter to eliminate human cell contamination. Genomic DNA from both strains was isolated using the DNeasy Blood and Tissue Kit (Qiagen). Sample preparation, sequencing, genome assembly, and annotation were performed at the University of Idaho IBEST Genomics Resources Core facility.
Genomic DNA libraries were constructed using the Illumina TruSeq library kit and quantified with rtPCR using the Kapa Illumina library quantification kit. 100 bp paired-end Illumina sequencing was used to an estimated >100× coverage per genome. Mapping of Illumina sequence was performed using GMAP to the TGGT1 reference sequence from ToxoDB (Gajria et al., 2008) with output to SAM format files for further processing. Genomic variants in the mutant strains in comparison to the reference sequence were detected and extracted from the mapped data using the Broad Institutes GATK toolkit. Data were exported as a variant call format file, which listed each genomic variant, its position in the genome, and the quality of sequence data for that particular region. In total, we detected 14 SNVs between the mutant and parental strain. The two SNVs that resulted in missense or nonsense mutations in MBD2.1 were confirmed by sequencing fragments of genomic DNA amplified by PCR from both the parental and mutant strains and that spanned regions with putative mutations.
To determine which of the identified variants in the mutant was responsible for the phenotype, a cosmid-based complementation approach was used. Cosmids generated from the Rh (Type I strain)
containing the genomic regions of interest were identified on ToxoDB.org and were graciously provided by Dr. David Sibley at Washington University, St. Louis. For TGGT1_069070, we utilised cosmid TOXO119, which was linearised by digestion with NotI (TOXO119), purified and electroporated into Toxoplasma tachyzoites of the MBD 2.1 mutant according to established protocols (Kim, Soldati, & Boothroyd, 1993; . Transfected parasites were maintained in the presence of 1 μM pyrimethamine prior to cloning by limiting dilution to select for stable transformants.
| iiDeath survival assay
The iiDeath survival assay was performed as described previously . In brief, intracellular parasites were harvested by passage through a 27 gauge needle three times before dilution and treatment with either 1 μM A23187 or DMSO solvent control for 45 or 60 min in a humidified incubator at 37°C and 5% CO 2 concentration. At each time point, 500 parasites were removed from the treatment and allowed to infect a confluent monolayer of HFFs in a 12-well plate format for 2 hr before changing the media to remove noninvading parasites. Parasites were allowed to grow and form plaques for 6 days before the cultures were fixed and scored. Each 
| Generation of endogenously tagged GRA41 line
For the expression of GRA41 tagged with hemagglutinin at the carboxyl terminal of the encoded protein, an 800 base pair fragment of genomic DNA was amplified by PCR with specific primers GRA41
Tag.FOR and GRA41 Tag.REV (see Table 1 for sequence of all primers used in this study) and directionally cloned into the PacI site of the 3xHA.Lic.DHFR-TS plasmid using In-Fusion Cloning (Clontech). The 3xHA.LIC.DHFR-TS plasmid is a derivative of the YFP.LIC.DHFR-TS plasmid (Huynh & Carruthers, 2009 ) with the YFP coding sequence replaced by a triple hemagglutinin tag. The resulting construct was verified by restriction digestion and sequencing. The plasmid construct was linearised with the restriction enzyme XcmI, which cuts within the region containing the insert and allows for integration of the construct by single homologous recombination when transfected into the RhΔKu80 strain (Huynh & Carruthers, 2009) . Toxoplasma tachyzoites were transfected with the linearised vector by electroporation according to established protocols . Transfected parasites were maintained in the presence of 1 μM pyrimethamine prior to cloning by limiting dilution to select for stable transformants.
| Immunofluorescence assays
For immunofluorescence assays, HFFs infected 18-24 hr prior were fixed with 3.5% methanol-free formaldehyde in PBS, blocked in phosphate-buffered saline (PBS) with 3% bovine serum albumin (BSA) and permeabilised in PBS/3% BSA/0.2% TX-100. Coverslips were then incubated in primary antibodies (Rabbit anti-HA, Cell Signal- charge-coupled device camera using NIS elements software.
| Western blot analysis
To examine protein expression by Western blot, parasites were lysed in 150 Mm NaCl, 50 mM Tris-Cl, pH 7.5, 0.1% NP-40 for a minimum of 20 min. Samples were centrifuged at 14,000 × g's for 20 min to remove insoluble proteins before combining with an equal amount of 2X Laemmli Sample Buffer (Bio-Rad) with freshly added 5% betamercaptoethanol (Thermo Scientific) and heating at 95°C for 5 min.
Samples were separated on a 4%-20% gradient SDS-PAGE gel (Bio-Rad) before transferring to a nitrocellulose membrane using a
Trans-Blot semidry transfer cell (Bio-Rad). Western blots were probed with rabbit anti-HA at a dilution of 1:5000 (Cell Signaling Technologies), mouse anti-ROP1 at a dilution of 1:5000 (Schwartzman & Krug, 1989) , or mouse anti-SAG1 at a dilution of 1:5000 (Genway).
| Triton-X 114 membrane partitioning
Membrane partitioning of lysates with Triton-X 114 (Sigma-Aldrich) was performed as described previously (Rome, Beck, Turetzky, Webster, & Bradley, 2008) . Briefly, parasites were lysed in 10% Triton-X 114, 10 mM Tris, pH 7.4, 5 mM NaCl on ice for 30 min, before centrifuging the samples at 2,500 × g's for 5 min before removing the supernatant to a new tube for partitioning. Lysates were incubated at 30°C for 5 min, followed by centrifugation at 3,000 × g's for 5 min to separate samples into the aqueous and detergent phases. The aqueous phase was re-extracted by incubating with 10% Triton-X 114, 10 mM Tris, pH 7.4, 5 mM NaCl on ice for 5 min, then at 30°C for 5 min, followed by centrifugation as described above. The detergent phase was re-extracted by incubating with PBS on ice for 5 min, then at 30°C for 5 min, followed by centrifugation.
Proteins were precipitated from the final aqueous and detergent phases by adding two volumes of ice cold acetone to each sample and incubating at −20°C for a minimum of 2 hr, followed by centrifugation at 15,000 × g's for 10 min. The resulting pellets were washed once more with ice cold acetone before they were resuspended in 2X Laemlli Sample Buffer (Bio-Rad) with freshly added 5% beta-mercaptoethanol (Thermo Scientific) and processed for Western blot analysis as described above.
| Electron microscopy
For transmission electron microscopy, confluent monolayers of HFFs were infected with parasites of the strain of interest 24 hr prior to sample preparation. Infected cells were washed four times with PBS before fixing for 1 hr in freshly prepared 2.5% glutaraldehyde in 100 mM sodium cacodylate, pH 7.4 buffer in the dark. Fixative was then removed, and samples were washed three times with PBS before being harvested by gentle scraping followed by centrifugation at 3,000 × g's for 10 min. The pellets were then incubated in 1% osmium tetroxide in 100 mM sodium cacodylate pH 7.4 buffer that had been reduced by adding solid potassium ferrocyanide to a final concentration of 1.5% (W/V) and incubated in the dark at 4°C for 1 hr. The pellets were washed three times with 100 mM sodium cacodylate, pH 7.4 buffer before dehydration in a series of ethanol washes. Pellets were dehydrated with 5-min incubations in 30%, 50%, 70%, 90%, and 95% ethanol followed by four 5-min washes of 100% ethanol. The samples were infiltrated with Embed-812/Araldite 502 resin (Electron Microscopy Sciences), at a dilution of 1:1 resin with 100% ethanol and in 3 changes of 100% resin.
The formulation of resin used was 12.5 ml Embed-812, 7.5 ml Araldite-502, 27.5 ml Dodecenyl Succinic Anhydride, and 0.95 ml DMP-30. All resin incubations were for at least 2 hr and were done at room temperature in a rotator at low speed. After the final change, the inserts were polymerised at 65°C. Thin sections were obtained using a diamond knife, mounted on copper grids and stained with uranyl acetate and lead citrate before imaging on a JEOL 1010 transmission electron microscope. Images were captured with a 1k × 1k Gatan CCD camera (MegaScan model 794), and a tungsten filament was used as an electron source.
For immunoelectron microscopy, HFFs infected with parasites for 24-36 hr were washed three times with PBS before fixing for 1 hr in freshly prepared 4% paraformaldehyde (EM grade, VWR) in 250 mM HEPES pH 7.4. Fixative was then removed and replaced with a solution of 8% paraformaldehyde in 250 mM HEPES pH 7.4 for overnight incubation at 4°C. Samples were harvested by gentle scraping to detach sheets of cells followed by centrifugation at 2,000 rpm for 10 min. Infected cells were pelleted in 10% fish skin gelatin, and the gelatin-embedded pellets were infiltrated overnight with 2.3M sucrose at 4°C and frozen in liquid nitrogen. Ultrathin cryosections were incubated in PBS and 1% fish skin gelatin containing mouse anti-HA antibody at 1/250 dilution and then exposed to the secondary antibody that were revealed with 10 nm protein A-gold conjugates. Sections were observed, and images were recorded with a Philips CM120 Electron Microscope (Eindhoven, the Netherlands) under 80 kV.
| Generation of gra41 knockout strain
The GRA41 knockout strain, RhΔku80Δgra41, was generated by replacing the entire GRA41 coding sequence with the HXGPRT selectable marker by double homologous recombination in the RhΔKu80 parental strain (Huynh & Carruthers, 2009 (Donald et al., 1996) by In-Fusion cloning (Clontech).
The resulting construct was verified by restriction digestion and sequencing. Toxoplasma tachyzoites were transfected with purified linearised vector by electroporation according to established protocols . Transfected parasites were maintained in the presence of 50 μg/ml mycophenolic acid and 50 μg/ml xanthine prior to cloning by limiting dilution to select for stable transformants. Individual clones were screened by PCR to verify correct replacement of the GRA41 locus with the HXGPRT selectable marker.
To confirm the correct insertion, primers complementary to the 3′ end of HXGPRT selectable marker and downstream of the insertion site were used to perform a PCR analysis of genomic DNA isolated from GRA41 knockout clones. A primer within the 3′ homology region of the pGRA41KO vector (p1, Figure 3 , GRA41 3′UTR Mid.
FOR, Table 1 ) and one downstream of the insertion site (p3, Figure 3 , GRA41 Downstream.REV, Table 1 ) were used as a positive control, and a primer within the selectable marker of the pGRA41KO vector (p2, Figure 3 , DHFR 3′UTR End.FOR, 4.10 | Generation of GRA41 knockout complemented clones
The GRA41 knockout strain, RhΔku80Δgra41, was complemented by transfecting with the cosmid TOXO119. Complemented clones were selected for integration of the gene back into its original locus by selecting against the presence of the HXGPRT gene using 80 μg/ml 6-thioxanthine. Following limited dilution cloning, individual clones were subjected to treatment with 50 μg/ml mycophenolic acid and 50 μg/ml xanthine and qPCR analysis of GRA41 transcript levels to identify clones that were either HXGPRT + GRA41 − or HXGPRT − GRA41 + . Transcript levels of GRA41 were normalised to the levels of ribosomal protein RPL29 as described above.
| Parasite growth assays
Growth of all parasite strains was assessed by determining plaquing efficiency and growth rate as follows. Intracellular parasites were harvested from a confluent monolayer of HFFs by passage through a 27-gauge needle 2-3 times. Parasites were then diluted in normal growth medium and allowed to infect a confluent monolayer of HFFs and returned to a humidified incubator for 2 hr before changing the media to remove any extracellular parasites. For plaque assays, parasites were allowed to form plaques for 6 days before the monolayer was fixed and stained with Crystal Violet (ACROS Organics) to visualise plaques. For doubling assays, parasites were allowed to grow for 12, 24, and/or 30 hr before they were fixed and stained with Hema3 Manual Staining System (Fisher) to count the number of parasites per vacuole for a minimum of 50 vacuoles per sample.
| Parasite egress assays
Egress in response to DTT treatment was assessed as follows.
Parasites were allowed to invade host cells for 24 hr prior to the start of the assay. Infected monolayers were washed twice with 1X PBS and once with 1X HBSS (Invitrogen) before incubating in either 5 mM DTT in 1X HBSS or buffer only control for the required time. Monolayers were then fixed with methanol and stained with Hema3 Manual Staining System (Fisher) to assess parasite egress.
| Parasite invasion assays
The efficiency of attachment and invasion for various parasite strains was measured as follows. Intracellular parasites were harvested as for plaque assays. Parasites were then diluted in normal growth medium and allowed to infect a confluent monolayer of HFFs for 2 hr. Unattached parasites were removed by washing with phosphate buffered saline (PBS, pH 7.4) three times. Cells were then fixed in 3.5% methanol-free formaldehyde before blocking in PBS/3% BSA. 
| Calcium measurements
Loading of parasites with Fura-2-AM was performed as previously described (Moreno & Zhong, 1996) . Briefly, freshly egressed parasites were washed and then centrifuged twice at 500 × g for 10 min at room temperature in buffer A (BAG; 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 5.5 mM d-glucose, and 50 mM HEPES, pH 7.4). Then, parasites were resuspended to a final density of 1 × 10 9 parasites/ml in Ringer buffer (155 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 3 mM NaH 2 PO 4 H 2 O, 10 mM HEPES, pH 7.3, and 5 mM glucose; plus 1.5%
sucrose and 5 μM of Fura 2-AM). The suspension was incubated for 26 min in a 26°C water bath with mild agitation. Subsequently, the parasites were washed twice with Ringer's buffer to remove extracellular dye. Parasites were resuspended to a final density of 1 × 10 9 parasites/ml in Ringer's buffer and kept on ice. Parasites are known to be viable for a few hours under these conditions (Pace et al., 2014) . For fluorescence measurements, 2 × 10 7 parasites/ml were added to a cuvette with 2.5 ml of Ringer's buffer. Cuvette was placed in a thermostatically controlled Hitachi F-7000 fluorescence spectrophotometer, using the conditions for Fura-2-AM excitation (340 and 380 nm) and emission (510 nm). The Fura-2-AM fluorescence response to intracellular Ca 2+ concentration ([Ca 2+ ] i ) was calibrated from the ratio of 340/380 nm fluorescence values after subtraction of the background fluorescence of the cells at 340 and 380 nm as previously described (Grynkiewicz et al., 1985) . 
Changes in [Ca

| Recombinant protein production
The GRA41 recombinant expression vector was generated by cloning the GRA41 coding sequence without the signal peptide into the pet28a (+) vector (EMD Biosciences) using In-fusion Cloning (Clontech). The GRA41 coding sequence was amplified using primers GRA41 pet28a.FOR and GRA41 pet28a.REV (Table 1) Pellets were stored at −80°C. Pellets were resuspended in~100 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, 10 mM MgSO 4 , 1 mM beta-mercaptoethanol, 0.1% Triton-X 100, 5% glycerol) before adding lysozyme to a final concentration of 50 μg/ml and incubating for 10 min on ice. Samples were then sonicated before removing the insoluble portion by centrifugation at 14,000 × g's for 30 min at room temperature. The supernatant was filtered through a 0.45 μm filter before purifying on a 5 ml HisTrap HP Nickel column (GE) on a NGC Quest FPLC (Bio-Rad). Fractions were collected and analyzed by SDS-PAGE and Western blot to determine purity. Fractions positive for the his-tagged protein were combined and further purified using a HiLoad 26/600 Superdex 200 size exclusion column (GE).
| Calcium thermal shift assays
Differential scanning fluorimetry was utilised to measure the ability of calcium ions to bind to and stabilise the secondary structures of recombinant proteins as described in Niesen, Berglund, and Vedadi (2007) using recombinant CDPK3 (Gaji et al., 2015) as a positive control. N-terminally His tagged GRA41 (final concentration of 8 μM)
or CDPK3 (final concentration of 3.5 μM) in 100 mM HEPES, pH 7.0, 150 mM NaCl was incubated with 4X Sypro Orange (Sigma Aldrich) in and CaCl 2 in a two-fold dilution series ranging from 0 to 250 μM.
Melt curve analysis was performed from 25 to 99°C with 1°C steps on a StepOne Plus Real-Time PCR System (Applied Biosystems). Data were analyzed in Prism (GraphPad) to determine melting temperatures for each condition.
